Two types of A356 alloy castings in initial and modified with nanoparticles condition produced by gravitational casting were studied. Samples, as-cut from the castings, were subjected to light optical microscopy (LM), thermal analyses, Electron Backscattered Diffraction (EBSD) and Scanning Transmission Electron Microscopy (STEM) analyses. Results, obtained by EBSD, confirmed that there is grain refinement in samples from castings with added nanoparticles compared to the initial ones. STEM analysis shows agglomerates of nanoparticles in examined foils. Nanoparticles' position in the microstructure confirms the hypothesis that they act as nucleating sites during the alloy solidification, which is the reason for observed fine-grained microstructure.
Introduction
Aluminum cast alloy, А356 (AlSi7Mg), is widely used for production of complex shaped parts for shipbuilding, electrical, automotive and aerospace application [1, 2] . The as cast parts mechanical properties are directly linked to their microstructure [3, 4] and hence, they can be effectively controlled via the as cast microstructure during the solidification stage or later via appropriate thermal treatment. Effective ways to control the microstructure during solidification are via changes of alloy chemical composition, via selection of appropriate cooling rates, and via addition of modifying compounds. All of the above methods act on the refinement of aluminum grains, or they modify the eutectic structure, changing it from coarse needled second phase particles to rounded worm-like refined particles. This effect can be obtained by one of the following ways: (1) addition of alloying elements in the liquid alloy and processing (refinement and/or modification); (2) stirring during crystallization; and (3) heat treatment. First process has been widely used and well reported in . Alternatively, many researchers worked on improving the wear properties of the cast Al alloys via addition of micro particles, which form after solidification so-called micro composite structure [29] [30] [31] . In the last 2 decades the idea of using small quantities of nanoparticles (up to 0.1 wt.%) for modification and refining of metallic alloys is being explored by many researchers [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Some special properties of refractory nanoparticles, like high area/volume ratio in the particles size range from 1 to 100 nm as well as very high melting temperature, are considered as promising for their behavior when introduced in a molten metal. However, different type of nanoparticles (chemical composition, size, and fraction) will have different influence on the microstructure and the properties of cast alloy.
The goal of this work is to study the influence of addition of two different types of nanosized particles (NP)-namely SiC and TiCN, on the microstructure formation of A356 aluminum alloy during solidification. The studies, presented in this paper, were conducted in an attempt to better understand the strengthening mechanism of the studied alloys imposed by the nanoparticles.
Materials and Methods
Two different types of aluminum castings were investigated; the composition of aluminum alloy (A356) is given in Table 1 . Table 1 . Chemical composition of used aluminum alloy (A356) in wt.%.
Si
Mg Ti Fe Cu Mn Al 7.50 0.30 0.02 0.39 0.05 0.03 bal.
In the casting practice, and in particular when the castings are modified with nanosized particles, different crystallization rates are possible in one casting. For this reason, we study the effect of nanoparticles on the structure of a complex casting (Figure 1 , samples S1 and S2), which crystallizes at a relatively high rate (cast in metallic form). The other case (Figure 2 , samples S3 and S4), considered by us, is the crystallization of a conical casting cooled by free air convection with a relatively low crystallization rate, which is typical for castings in sand molds. In addition, we had the ability to precisely measure the temperature during the crystallization process, especially in the selected section from which the samples for the microstructural analysis were taken.
The castings were obtained via gravitational casting with strict temperature control. The casting methodology for the casting shown on Figure 1 contains 9 steps. It is described also in [43] [44] [45] [46] [47] and can be summarized as follows:
(1) Preparation of nanoparticles (NP) for introducing into melt: weighing of NP and wrapping in aluminum foil, capsulation in aluminum thin-walled cartridge and closing the cartridge, and attaching the cartridge to a specially designed stirrer for homogenization of the melt after the NP introduction.
(2) Melting of the alloy in an electric resistance furnace with a capacity of 2.5 kg.
(3) Constant temperature measurement with a submersible thermocouple protected by a ceramic shield.
(4) Cleaning the melt mirror after reaching a temperature of 750 °C. (5) Argon degassing for 5 min. (6) Introducing the NP into the melt at 740 °C by immersing the stirrer with the cartridge and stirring for 3 min at speed 100 rpm. (7) After the complete homogenization of the melt, the stirrer is removed from the melt and the furnace is closed with a lid until a casting temperature of 730 °C is reached.
(8) Removing the crucible from the furnace and pouring the melt from the crucible into the metal mold.
(9) After complete cooling, the casting is removed from the mold and cut according to the scheme ( Figure 1 ). Samples S1 and S2 were cut from the cross section of the casting, shown in Figure 1 , and shown with the arrow. The sample surface sizes are approximately 15 × 15 mm 2 . Sample indicated as S1 was cut from a non-modified casting, and sample S2-from exactly the same zone of the casting modified with 0.1 wt.% SiC. By using this procedure, we can be sure that both samples S1 and S2 were at the same cooling conditions during the solidification process and hence all microstructural changes can be attributed to the modification procedure. The average nanoparticle size of SiC is 50 ± 5 nm (calculated from Singular Spectrum Analysis (SSA)-taken from nanopowder certificate). Nanoparticles were activated via currentless cladding with Cu [48] , and SiC:Cu ratio was 1:0.1.
To characterize the change in temperature during solidification process and the corresponding macro-and microstructure changes with and without addition of nanoparticles, a methodology was developed in which small samples are taken directly from the furnace crucible. A thin-walled conical shaped casting molds which were made of stainless steel with a height of 33 mm, and diameters 18 mm on the bottom and 22.5 mm on the top were constructed and used in this experiment ( Figure 2 ). The casting methodology for samples S3 and S4 is described below, as follows:
(1) Pre-treatment of stainless steel mold ( Figure 2 ), including coating the inner surface with a non-sticking coating, installation on the central vertical axis of the mold a 1 mm diameter, K-type thermocouple (SS316), protected by a thin-walled steel tube, mounting to the stand and heating the mold up to 200 °C.
(2) After performing steps 1 to 7 from the procedure mentioned above, the mold is immersed in the furnace crucible and filled up.
(3) Removing the filled mold and fixing the stand upright. (4) Continuous recording the temperature with fast acting temperature recorder type USB FLASH ARCHIVER MS DL-F2 (Microsyst, Plovdiv, Bulgaria) at discrete time points of 0.2 s with an accuracy of 0.1% from the time of filling until the temperature of the sample drops below 450 °C.
(5) Recorded data is used for thermal analysis (example shown in Figure 7 ). (6) After final cooling, the samples are removed from the mold and cut to prepare samples for metallographic analysis (Figure 2 ). Sample S3 was cut from non-modified casting, and sample S4, from the casting modified with 0.04 wt.% TiCN, and the chosen section (shown with the white arrow in Figure 2 ), from which the samples were cut, is the region where the thermocouple is placed. In both crucibles exactly the same amount of alloy (63 g) was cast to avoid as much as possible the mass effects on the time-temperature record.
The as-cut samples were prepared as metallographic samples for optical metallography analyses using routine procedure-ground with SiC paper up to #1200, mechanically polished with diamond paste and revealed with 0.5% HF water solution. Observations were done using Polyvar Met optical microscope (Reichert-Jung, Wien, Austria), with magnifications up to ×1000.
Microhardness was measured with microhardness tester Micro-Duromat 4000 (Reichert-Jung, Wien, Austria), with load of 10 gf, the maximum load of 10 gf was reached for 10 s and holding time was 10 s.
Samples were prepared for EBSD analyses via routine procedure, and the final step was 30 min mechanical polishing with 35 nm colloidal silica (OPS). They were analyzed by means of an EBSD system attached to a Quanta450 FEG-SEM *(Thermo Fisher Scientific, Electron Microscopy Solutions, 5350 NE Dawson Creek Drive Hillsboro, OR, USA) operating at 20 kV. The final aperture was 30 µm, which ensures a probe current of 2.4 nA. The sample was tilted 70° towards the EBSD detector, the working distance was 16 mm, and the analyzed area of 2 × 2 mm² was scanned in a hexagonal scan grit with a step size of 1 µm. All orientation data were acquired with OIM-Data Collection version 6 software (AMETEK Materials Analysis Division, Mahwah, NJ, USA) and postprocessed and analyzed with OIM-Data Collection version 6 software (AMETEK Materials Analysis Division, Mahwah, NJ, USA). The original data were postprocessed by clean up procedure including only grain confidence index standardization (CI > 0.1; min misorientation of 5° and minimum 7 pixels per grain). All points with a confidence index lower than 0.1 were removed later from the measurement as dubious.
For investigations of the finest particles, thin slice from the bottom of S2 was cut; it was mechanically thinned down to 100 µm, and three specimens, foils with diameter of 3 mm, were punched from it. Next, foils were electrochemically polished and revealed with A2 electrolyte using Tenupol In Table 2 are given the calculated average secondary dendrite arm spaces (SDAS) and the corresponding microhardness HV0.01 (averaged from 5 individual measurements) for S1 and S2. Table 2 . SDAS and HV0.01 data for the unmodified S1 and modified S2 samples. The arrows and the numbers next to them show the direction and the percentage in which the parameter is changed.
Results

Samples S1 and S2 (Modification with SiC Nanoparticles)
Sample
SDAS, µm HV0.01 S1-non-modified 46.7 598.2 S2-modified with 0.1 wt.% SiC+Cu 17.7 (↓62%) 675.7 (↑13%)
Results from the EBSD microstructure characterization are shown in Figure 4 . Each grain is colored with different color and for a grain is considered any group of minimum 7 neighboring points (pixels) with a misorientation between them lower than 5°. The white spots in the measurements correspond to the points that do not fulfil the above-mentioned requirements or have a CI < 0.1. (The confidence index CI is a measure for the reliability of the indexation procedure and values of CI > 0.1 correspond to reliability of more than 95%).
Based on the EBSD data the grain sizes (equivalent calculated grain diameters) for both samples are calculated and shown on Figure 5 . Grain diameters vary from 28.53 µm to 967.47 µm for S1 and from 14.58 µm to 316.15 µm for S2. Тhe largest area fractions (each 0.2) in S1 is taken of grain diameters 967.47 µm and 572.13 µm, while in S2 the largest area fractions are taken by grain diameters 173.302 µm, which cover an area fraction of 0.11, and 141.557 µm, 125.685 µm and 109.812 µm cover an area fraction of 0.08 for each group.
Samples S3 and S4 (Modification with TiCN Nanoparticles)
Light optical microscope images of samples S3 (non-modified) and S4 (modified with TiCN) are shown in Figure 6 . On Table 3 are given calculated average SDAS for both S3 and S4 samples together with the measured microhardness HV0.01 (averaged from 5 individual measurements). A comparison of the time-temperature cooling curves and specifically the position of the liquidus temperature in both alloys is given in Figure 7 . Average calculated grain diameters vary from 59.6 µm to 1192.1 µm for the non-modified alloy (sample S3) and from 16.7 µm to 595.4 µm for the sample modified with TiCN alloy (sample S4). The arbitrary taken EBSD maps show also that the largest area fraction in the EBSD map in sample S3 (0.454) is covered by a grain with diameter of 1192.1 µm while in the sample S4, the largest area fraction (0.26) is covered by a grain with twice small diameter of 504 µm.
STEM Analysis of Sample S2 (Modification with SiC Nanoparticles)
Transmission electron microscopy analysis was carried out on thin foils produced by electrolytic double jet thinning of sample S2. The bright field scanning transmission microscopy image (STEM) is shown in Figure 10 , whereas the results from the EDX point analyses are shown in Table 4 , as well as base alloy content for the same chemical elements for an easy comparison is added (in at.%).
The numbers in the first column from left correspond to the point in STEM image. It should be mentioned that the results from the C and O content are semi-quantitative, i.e., they only show that these elements are present, but they cannot be considered as a measure of the quantity of the elements. Table 4 . 
Discussion
Samples S1 and S2-LM and EBSD Characterization
Light optical microscopy analysis (Figure 3a,b) shows the changes in the microstructure of the two samples-the unmodified (Figure 3a ) and the modified (Figure 3b ). As they are cut from the same zone (Figure 1 ) and the initial conditions-melt and mold temperatures-are practically the same (729 °C for the melt, 166 °C for the mold, S1; and 730 °C for the melt, 156 °C for the mold, S2), it means that the cooling conditions that control the solidification process are identical. Hence, the observed differences between the microstructures of the two samples can be attributed only to the addition of SiC nanoparticles in the sample S2. As a consequence, the SDAS of S2 decreased with 62% in comparison to the sample S1, and correspondingly, the microhardness of the sample S2 was increased with 13% (see Table 2 ).
Based on the EBSD data for the equivalent calculated grain diameters and area fraction for both samples ( Figure 5 ) and the data analyses, it can be seen that the minimum diameter is reduced twice in S2, and the maximum one is triple reduced in S2 compared to S1.
Samples S3 and S4-LM, Thermal Analyses and EBSD Characterization
Light optical microscopy analysis (Figure 6 a,b ) did not show as strong change in microstructure as in couple of samples S1 and S2. Nevertheless, SDAS was decreased with 7.8%, and the microhardness was increased with 3.5% ( Table 3) .
The analysis of time-temperature records shows that the undercooling value for non-modified sample S3 is 1.76 °C (black line in Figure 7) whereas for TiCN modified sample S4, it is only 0.23 °C (dotted line in Figure 7 ). It is reasonable to assume that the addition of TiCN nanoparticles into the melt increases the number of crystallization nuclei, and as a consequence, the undercooling of the alloy required to start the solidification process is reduced.
Based on the EBSD data for the equivalent calculated grain diameters and area fraction for both samples (Figure 9 ) and the data analyses, it can be seen that the minimum grain diameter in sample S4 is reduced 3.5 times, and the maximum one is twice reduced compared to the grains measured in sample S3.
STEM Analysis of Sample S2
Several specific points corresponding to the microstructure were analyzed. Point #32 ( Figure 10 ) corresponds to the grain interior where no precipitates are found, and the chemical composition is in good agreement with the average composition of the Al alloy (see Table 1 ). This point is used as a kind of calibration point for the EDS measurement. The increased amount of Cu measured in this point is associated to a signal that may originate from the copper grit on the STEM sample holder. Such effects are common in the EDS/STEM analysis. Having in mind that the SiC nanoparticles were cladded with Cu, it is reasonable to accept for a specific indicator for the nanoparticles the increased Cu content and the appearance of C peaks in relevant sample points. The presence of significantly high concentrations of Cu and C at points with numbers 28-31 indicates the presence of nanoparticles or their conglomerates. Isolated nanoparticles were not found in the microstructure, but conglomerates of nanoparticles were frequently observed. The size of these conglomerates was around 130 nm, whereas some individual nanoparticles with a size between 20 nm and 40 nm can be distinguished inside the conglomerates (see Figure 10 ). Similar effect of agglomeration was frequently observed and reported [49] because of the attractive Van der Waals forces. It is interesting that at some points an increased concentration of oxygen was measured (28) (29) (30) (31) (32) . Most probably the reason for the increased oxygen content is in the oxidation of cladding metal Cu, as nanoparticles were not stored in inert environment before use.
All conglomerates of nanoparticles were found in the grain interior but not close to boundaries or in the grain boundaries. Hence, from this observation one can conclude that they appear and act as nucleation sites during crystallization, which was also found by Borodianskiy et al. [42] and explains their effect as grain refiners in modified samples.
Conclusions
Two types of casting samples, one non-modified and another modified with nanoparticles, were investigated via LM, SEM-EBSD, STEM-EDX analysis and micro-hardness tests. The results can be summarized as follows:
The addition of 0.1 wt.% Cu-cladded SiC nanoparticles to the studied Al alloy refined significantly the as-cast microstructure. After modification, the maximum grain diameters decreased from 967.47 µm to 316.15 µm, and the SDAS decreased from 46.7 µm to 17.7 µm. As a consequence of the grain refinement, the microhardness of the modified castings increased with 13%.
Similar but not so effective results were obtained in the Al castings with addition of 0.04 wt.% TiCN nanoparticles. After modification with TiCN nanoparticles, the maximum grain diameter of the modified alloy decreased from 1192.1 µm to 595.4 µm and the SDAS from 47.83 µm to 44.12 µm, which resulted in an increase of the microhardness of 3.5%.
Nanoparticle clusters' existence in grain interior was found by STEM investigations. Thermal analysis records showed that the nanoparticle-modified alloy solidifies at smaller undercooling compared to the non-modified one. The above-mentioned confirms the hypothesis that nanoparticles act as crystallization nuclei, even when the particle clustering appears. 
